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ABSTRACT 

GATA-1 and NF-E2 are erythroid specific activators 
that bind to the p-globin locus. To explore the roles 
of these activators in transcription of the human 
fetal stage specific y-globin genes, we reduced 
GATA-1 and p45/NF-E2 using shRNA in erythroid 
K562 cells. GATA-1 or p45/NF-E2 knockdown in- 
hibited the transcription of the y-globin genes, 
hypersensitive site (HS) formation in the LCR and 
chromatin loop formation of the p-globin locus, but 
histone acetylation across the locus was decreased 
only in the case of GATA-1 knockdown. In p45/ 
NF-E2 knockdown cells, GATA-1 binding was main- 
tained at the LCR HSs and y-globin promoter, but 
NF-E2 binding at the LCR HSs was reduced by 
GATA-1 knockdown regardless of the amount of 
p45/NF-E2 in K562 cells. These results indicate 
that histone acetylation is dependent on GATA-1 
binding, but the binding of GATA-1 is not sufficient 
for the y-globin transcription, HS formation and 
chromatin loop formation and NF-E2 is required. 
This idea is supported by the distinctive binding 
pattern of CBP and Brg1 in the p-globin locus. 
Furthermore GATA-1 -dependent loop formation be- 
tween HS5 and 3 HS1 suggests correlation between 
histone modifications and chromatin looping. 

INTRODUCTION 

The human P-globin locus contains the five globin genes, 
which are transcribed in erythroid cells depending on de- 
velopmental stage (Figure 1A). The G y- and A y-globin 
genes are highly transcribed at the fetal stage, while the 
transcription of 5- and P-globin genes is great at the adult 
stage. The mechanisms by which the human adult P-globin 
gene is transcribed have been studied using the deletion 



assay of regulatory sequences (1-3) and the knockout or 
over-expression technique of erythroid specific transcrip- 
tional activators (4,5) in transgenic mice and stable cell 
lines. These studies showed that the locus control region 
(LCR) and erythroid specific activators binding to the 
LCR play critical roles in the transcription of the adult 
P-globin gene by contributing to histone modifications, 
nucleosome remodeling and chromatin loop formation. 
However, the transcriptional mechanism of the fetal 
y-globin genes is less understood, despite great interest in 
reactivation of these genes as a means to treat sickle cell 
anemia (6). 

GATA-1 and NF-E2 are erythroid specific transcrip- 
tional activators, which bind to LCR DNase I hypersen- 
sitive sites (HSs) and gene promoters in the P-globin locus 
(7,8). The lack of GATA-1 causes failures in generating 
mature red blood cells in chimaeric mice (9) and in 
transcribing the mouse PHI globin gene at normal level 
in embryo yolk sac cells (10). The stable expression of 
GATA-1 in non-erythroid HeLa cells induces the tran- 
scription of 5- and P-globin genes together with LCR 
HSs formation in the human P-globin locus (5). In 
murine erythroleukemia (MEL) cells, the transcription of 
the P major globin gene is dependent on GATA-1 and 
NF-E2, which are required for the recruitment of RNA 
polymerase II (pol II) to the globin promoter (7,11-13). 
The binding of both activators in the LCR HS2 enhancer 
is required for the transcription of a linked human 
s-globin gene in minichromosomes, but the roles of the 
activators are distinctive in histone acetylation and 
DNase I HS formation (14,15). 

The human P-globin locus at the fetal stage has a 
distinct chromatin structure which is different from the 
structure at the adult stage. The transcriptionally active 
y-globin genes are hyperacetylated, but the inactive s-, 
5- and P-globin genes are hypoacetylated in human fetal 
liver and in mouse embryonic erythroblasts (16,17). In 
erythroid K562 cells where the y-globin genes are highly 
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Figure 1. Knockdown of GATA-1 and p45/NF-E2 in erythroid K562 cells. (A) The human (3-globin locus is presented. Vertical black 
arrows indicate DNase I HSs in LCR. The exons of the globin genes are represented by squares. Vertical bars named below the diagram denote 
the locations of TaqMan amplicons used in real-time PCR. (B) Western blotting was performed using antibodies specific to GATA-1 or p45/NF-E2 
in protein extract from K562 cells expressing a control, GATA-1 or p45/NF-E2 shRNA. Blotting with P-tubulin antibody was used an 
experimental control. ChIP was performed with GATA-1 (C) or p45/NF-E2 (D) antibodies in K562 cells expressing each shRNA. Relative 
intensity was determined by quantitatively comparing input with immunoprecipitated DNA for the indicated amplicons. Actin served as negative 
control. Normal rabbit and goat IgG (Con IgG) served as experimental control. The results of two to four independent experiments ± SEM are 
graphed. 



transcribed and the general profile of histone acetyl- 
ation for the (3-globin locus is similar to that in human 
fetal liver, DNase I HSs are formed in the LCR and the 
downstream region of the locus (17,18). Erythroid specific 
activators and histone modifying enzymes associate with 
the HSs in a HS specific pattern (8). The y-globin genes are 
present in close proximity with the LCR and 3'HSl in 
transgenic mouse primitive erythrocytes and in K562 
cells, while the (3-globin gene is looped out from the 
active chromatin hub containing the LCR, 3'HSl and 
the y-globin genes (19,20). 

In previous studies using mutation of GATA-1 and 
NF-E2 binding sites in the HS2 enhancer, we observed 
GATA-1 -dependent histone modifications and pol II re- 
cruitment and NF-E2-dependent HSs formation in 
minichromosomal loci transcribing a linked embryonic 
s-globin gene (14,15). To expand the studies to the expres- 
sion of fetal y-globin gene in the endogenous human 
(3-globin locus, here we reduced the expression of 
GATA-1 and p45/NF-E2 using shRNA in human eryth- 
roid K562 cells. The role of erythroid specific activators 
in transcription of the endogenous human y-globin gene 
is not well understood. This study shows that histone 
modifications, HSs formation, co-activator recruitment 
and chromatin loop formation are selectively affected 
by the activator knockdown in the endogenous human 
(3-globin locus transcribing the fetal y-globin genes. It in- 
dicates that GATA-1 and NF-E2 play distinctive roles in 
the changes of chromatin structure for the y-globin gene 
transcription. Furthermore it suggests correlations 
between gene transcription, HS formation, histone modi- 
fication and chromatin looping. 



MATERIALS AND METHODS 

GATA-1 and p45/NF-E2 knockdown using lentiviral short 
hairpin RNA in K562 cells 

GATA-1 and p45/NF-E2 directed TRC lentiviral short 
hairpin RNA (shRNA) vectors and control shRNA 
vector (pKLO.l) were purchased from Open Biosystems. 
Lentiviruses were generated by transfecting shRNA and 
Virapower packing mix (Invitrogen) into 293 FT cells ac- 
cording to the manufacturer's instructions. After 24 h, 
complete media were added and viral supernatants were 
harvested by centrifugation and filtration at 72 h after 
transfection. Transduction of viral particles into K562 
cells was performed in the presence of 6ug/ml of 
polybrene and complete media was replaced after 24 h. 
Two microgram per milliliter of puromycin was added 
after 72 h. Cells were grown for 2 weeks in RPMI 1640 
medium containing 10% FBS. Knockdown of GATA-1 
and p45/NF-E2 protein was confirmed by western blot 
analysis. 

Co-transduction of p45/NF-E2 expression vector and 
GATA-1 shRNA using lentivirus in K562 cells 

p45/NF-E2 cDNA was cloned into the pLenti6.3/ 
V5-DEST expression vector using the Gateway technol- 
ogy (Invitrogen). p45/NF-E2 expression vector was trans- 
fected into 293FT cells with Virapower packing mix 
(Invitrogen) to produce lentivirus. Lentivirus was har- 
vested as described above and co-transducted with lenti- 
virus having GATA-1 shRNA into K562 cell in the 
presence of 6ug/ml of polybrene. Complete media were 
replaced after 6h and puromycin (2jig/ml) and 
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blasticidine (5 ug/ml) were added after 72 h. Cells were 
grown for 2 weeks in RPMI 1640 medium containing 
10% FBS. Knockdown of GATA-1 and expression of 
p45/NF-E2 were confirmed by western blot analysis. 
pKLO.l and pLenti6.3/V5-GW/lacZ were used as the 
control vectors to make control cells. 

Reverse transcription-PCR 

RNA was prepared from 2 x 10 6 cells using the RNeasy 
Plus Mini Kit (Qiagen). One microgram of RNA was 
reverse transcribed with random hexamers using the 
Superscript III first-strand synthesis system as suggested 
by the manufacturer (Invitrogen). cDNA was diluted to 
400 ul, and 2 ul of cDNA was amplified in a 1 0 ul reaction 
volume by real-time PCR using TaqMan chemistry. The 
relative intensity of specific cDNA sequences was com- 
pared with a genomic DNA standard using the compara- 
tive C t method and then normalized with the relative 
intensity for Actin. 

Real-time PCR 

DNA obtained from all experiments was quantitatively 
analyzed using 7300 Real-time PCR system (Applied 
Biosystems). PCR was carried out with 200nmol of 
TaqMan probes and 900nmol of primers in a 10 ul 
reaction volume for cDNA and DNA obtained from 
ChIP and DNase I digestion. DNA obtained from 3C 
and control templates ligated randomly were amplified 
using SYBR green fluorescence in a 10 ul reaction volume. 
Data were collected at the threshold where amplification 
was linear. The locations of amplicon containing TaqMan 
probe in the (3-globin locus are indicated in Figure 1A. 
Sequences of primers and TaqMan probes are shown in 
Supplementary Table SI and sequences of primers for 3C 
are in Supplementary Table S2. 

Chromatin immunoprecipitation 

Chromatin immunoprecipitation (ChIP) was carried out 
as described (14). Briefly, 2 x 10 7 K562 cells were incu- 
bated in cultured medium containing 1% formaldehyde 
for lOmin at 25°C, and the cross-linking reaction was 
quenched by adding glycine. Isolated nuclei were digested 
with 200 U of MNase at 37°C for 15min and then 
sonicated to produce primarily mononucleosome size of 
chromatin. Fragmented chromatin was reacted with anti- 
bodies for 3 h at 4°C after pre-clearing with protein A or G 
agarose beads. Protein-DNA complexes were recovered 
with protein A or G agarose beads. Cross-links were 
reversed at 65°C in 0.25 M NaCl for overnight before 
purifying DNA. 

Antibodies used in this study were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA) for 
GATA-1 (sc-1233), p45/NF-E2 (sc-291), Pol II (sc-899), 
CBP (sc-369) and Brgl (sc- 10768), from Abeam 
(Cambridge, UK) for H3K27ac (ab4729) and from 
Upstate Biotechnology (Lake Placid, NY, USA) for 
H3ac (06-599), H3K4me2 (07-030), H3K4me3 (07-745), 
H3K27me2 (07-452), H3K27me3 (07-449) and CTCF 
(07-729). Normal rabbit IgG (sc-2027) and goat IgG 
(sc-2028) were purchased from Santa Cruz Biotechnology. 



DNase I sensitivity assay 

Nuclei were prepared from K562 cells (2 x 10 7 ) as de- 
scribed previously (21,22). Aliquots of 3 x 10 6 nuclei 
were digested with 150-600 U DNase I in a 100 ul 
volume for lOmin at 25°C. DNA was purified and run 
on a 1 % agarose gel to visualize the level of digestion. The 
digested DNA was quantitatively compared with undigested 
DNA by real-time PCR. Sensitivity was determined by 
normalizing the difference of amount between digested 
DNA and undigested DNA in each primer pairs to the 
difference in Actin gene at each DNase I concentration. 

Chromosome conformation capture 

Chromosome conformation capture (3C) assays were per- 
formed according to the protocol provided with reduced 
number of cells (23,24). K562 cells were cross-linked with 
1% formaldehyde at 25°C for lOmin and the reaction was 
quenched by adding glycine. Nuclei were prepared from 
~1 to 2x 10 6 cells, resuspended in 0.4 ml of restriction 
enzyme buffer and incubated at 65°C for 1 h with 0.1% 
SDS and then at 37°C for 1 h with 1% triton X-100. Eight 
hundred unit of Hindlll restriction enzyme was added 
into the nuclei and digestion was performed overnight at 
37°C with shaking at 800 r.p.m. The DNA fragments were 
treated in 0.16% SDS at 65°C for 25 min and then in 0.1 % 
Triton X-100 at 37°C for 30 min, and ligated with 400 U of 
T4 ligase for 4h at 16°C with shaking at 500 r.p.m. in 
2.4 ml reaction volume. The ligated DNA was purified 
by phenol extraction and ethanol precipitation after 
reverse cross-linking. The 3C products were amplified by 
real-time PCR using SYBR green as fluorescence dye. To 
correct the differences of ligation efficiency between frag- 
ments and the difference of PCR efficiency between primer 
sets, control templates were prepared by mixing, digesting 
and ligating the equimolar amounts of the PCR fragments 
spanning the restriction enzyme sites and same amount of 
genomic DNA (24). The ligation between two fragments 
was analyzed using the reverse direction primer of each 
fragment except one as shown Figure 5 A. The relative 
cross-linking frequency was determined by comparing 
DNA ligated between two fragments in 3C samples with 
DNA ligated randomly in control templates and then by 
normalizing with the ligation frequency in the Ercc3 gene. 



RESULTS 

NF-E2 binding at the p-globin LCR HS2 is affected by 
GATA-1 knockdown in erythroid K562 cells, but GATA-1 
binding is not affected by p45/NF-E2 knockdown 

Erythroid specific activator GATA-1 and NF-E2 bind to 
the P-globin LCR HSs. To explore the roles of these acti- 
vators in the transcription of the human fetal stage specific 
y-globin genes, we performed knockdown of GATA-1 and 
the p45 subunit of the NF-E2 (p45/NF-E2) heterodimer 
using shRNA in erythroid K562 cells. The severe reduc- 
tion of GATA-1 or p45/NF-E2 was confirmed by western 
blot in the knockdown cells (Figure IB). We observed that 
p45/NF-E2 was also strongly reduced in the GATA-1 



Nucleic Acids Research, 2011, Vol 39, No. 16 6947 



knockdown cells, which might be due to failure to tran- 
scribe the p45 gene in the absence of GATA-1 (25). 

To analyze the change of GATA-1 and NF-E2 binding 
in the human (3-globin locus depending on the knockdown 
of the proteins, ChIP assay was carried out using anti- 
bodies specific to GATA-1 or p45/NF-E2. In GATA-1 
knockdown K562 cells, its binding was reduced at LCR 
HSs and the y-globin promoter as expected (Figure 1C). 
NF-E2 binding was also reduced at LCR HSs (Figure ID) 
consistent with the reduction of p45/NF-E2 protein in 
these cells. In p45/NF-E2 knockdown cells, NF-E2 
binding was reduced to less than half at LCR HS2 
(Figure ID), but GATA-1 binding was unaffected at the 
HS2 and the y-globin promoter and was only modestly 
reduced at the HS4 and HS1 (Figure 1C), which is con- 
sistent with the unaffected expression of GATA-1 protein. 
In addition, sMaf proteins that can form an NF-E2 
heterodimer with p45 or form a homodimer were less de- 
tected at the HS2 in both knockdown cells (Supplementary 
Figure SI). These complex results can be summarized 
that GATA-1 knockdown inhibits the expression of both 
GATA-1 and p45/NF-E2 and their binding in the (3-globin 
locus, but p45/NF-E2 knockdown decreases only the 
expression and binding of p45/NF-E2 itself. Thus effects 
by GATA-1 knockdown may be both direct and indirect. 
NF-E2-independent GATA-1 binding to the (3-globin 
locus in p45/NF-E2 knockdown cells provides a model 
situation to study whether GATA-1 binding alone is 
enough for the transcription of the human fetal y-globin 
genes or whether NF-E2 is also required. The direct 
and indirect roles of GATA-1 and p45/NF-E2 in the vari- 
ous chromatin changes can be distinguished using the 
knockdown cells. 



GATA-1 binding is not enough for the transcription of the 
human y-globin genes and NF-E2 binding is required 

The fetal y-globin genes are highly transcribed in human 
erythroid cell line K562 where the embryonic s-globin 
gene are transcribed at low level but the transcripts of 
the adult 5- and [3-globin genes are not detected. To 
analyze the effect of GATA-1 and NF-E2 knockdown 
on the transcription of the y-globin genes, RNA tran- 
scripts were measured by real time reverse transcription 
(RT)-PCR in the Exons 2 and 3. In the GATA-1 
knockdown K562 cells where p45/NF-E2 level is also 
reduced, the y-globin transcripts were reduced to <20% 
compared to control cells (Figure 2A). The level of tran- 
scripts was also reduced by p45/NF-E2 knockdown, 
although less strongly compared to the reduction by 
GATA-1 knockdown. The transcription of the embryonic 
s-globin gene was also decreased in the knockdown cells 
and the 5- and (3-globin genes were still silent. The tran- 
scriptional reduction of the y-globin genes was paralleled 
by reduced pol II detection across the gene (Figure 2B). 
Thus these results show that GATA-1 binding is not suf- 
ficient for robust transcription of the human fetal y-globin 
genes and both erythroid specific transcriptional activa- 
tors, GATA-1 and NF-E2 are required for optimal 
transcription. 
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Figure 2. Transcription of the globin genes in GATA-1 or p45/NF-E2 
knockdown K562 cells. (A) cDNA was prepared from RNA isolated 
from K562 expressing each shRNA and then amplified by real-time 
PCR using primers and probes for exons of the s-, y-, 5- and 
P-globin genes. Transcript levels of the globin genes were compared 
to transcript levels of the Actin control gene. The level of the 
8-globin gene was multiplied by five to show changes in the knockdown 
cells. The results of two to four independent experiments ± SEM are 
graphed. (B) ChIP was performed with antibody specific to RNA 
polymerase II in K562 cells expressing each shRNA. Relative intensity 
was determined by quantitatively comparing immunoprecipitated DNA 
with input for the indicated y-globin gene amplicons and then 
normalizing to the intensity at the Actin. Normal rabbit IgG 
(Con IgG) served as experimental control. The results of two to four 
independent experiments ± SEM are graphed. 



GATA-1 plays a role in establishing histone acetylation, 
but NF-E2 may not be required 

GATA-1 plays a role in histone acetylation of the mouse 
(3-globin locus and minichromosomal (3-globin locus by 
recruiting CBP (14,26). To ask the role of GATA-1 and 
NF-E2 in establishing histone modifications in the human 
(3-globin locus transcribing the fetal y-globin genes, various 
histone modifications were analyzed by ChIP assay in the 
knockdown K562 cells. Active histone marks including 
H3K9/K14ac, H3K27ac, H3K4me2 and H3K4me3, were 
markedly decreased at the LCR and y-globin genes by 
GATA-1 knockdown also leading to p45/NF-E2 reduc- 
tion, while inactive marks, H3K27me2 and H3K27me3, 
were increased in the regions (Figure 3A-F). However, 
these changes were not observed in p45/NF-E2 knock- 
down cells; most histone marks were maintained in the 
y-globin genes and LCR HSs. Only H3K27me3 was simi- 
larly increased in the y-globin genes by p45/NF-E2 
knockdown with GATA-1 knockdown (Figure 3F). In 
the transcriptionally inactive (3-globin gene, active marks, 
H3K27ac and H3K4me2, were further decreased but in- 
active marks, H3K27me2 and H3K27me3, were increased 
by GATA-1 knockdown. Histone acetyltransferase CBP 
was detected at LCR HSs and the y-globin promoter as 
much in p45/NF-E2 knockdown cells as in control cells 
(Figure 3G), which parallels the histone acetylation 
pattern of the globin genes. Thus, CBP appears to be 
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recruited to the human P-globin locus in a NF-E2-inde- 
pendent manner but in a GATA-1 -dependent manner. 
This binding pattern of CBP supports the idea that 
GATA-1 is responsible for establishing histone acetylation 
in the P-globin locus transcribing the fetal y-globin genes. 

NF-E2 is required for HSs formation in the P-globin LCR 
and GATA-1 binding alone is not sufficient 

Four DNase I HSs, HS1, HS2, HS4 and HS5, are formed 
on the human P-globin LCR in K562 cells, and one more 
HS, 3'HSl is found in the downstream region of the 
P-globin gene. We asked whether the formation of HSs 
is affected by GATA-1 or p45/NF-E2 knockdown. 
Sensitivity to DNase I attack was quantitatively determ- 
ined by amplifying genomic DNA digested with DNase I 
using real-time PCR and then comparing with undigested 
genomic DNA (Figure 4A). DNase I sensitivity was 



strongly reduced at the HS4, HS2, HS1 and the y-globin 
transcription start site in both GATA-1 and p45/NF-E2 
knockdown cells (Figure 4B). The LCR HS5 and 3'HSl 
showed relatively modest reduction of sensitivity. In 
agreement with the reduction of DNase I sensitivity, the 
association of Brgl, the catalytic subunit of a nucleosome 
remodeling complex, was reduced at HS2 and HS1 in both 
GATA-1 and p45/NF-E2 knockdown cells (Figure 4C). 
Thus these results indicate that GATA-1 binding alone 
is not sufficient for HSs formation in the fetal human 
P-globin locus and NF-E2 is required. 

Chromatin looping between the G y-globin gene and LCR 
HSs requires NF-E2 

Next to illuminate the chromatin looping state of the fetal 
stage P-globin locus and to analyze the role of these acti- 
vators in the loop formation, the 3C assay was performed 
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Figure 1. 



using Hindlll restriction enzyme which cuts such that 
each HS and each globin gene are resolved on a separate 
fragment (Figure 5A). The fragments containing HS5, 
HS4, HS2, HS1 and 3'HSl were frequently ligated with 
a fragment containing the G y-globin gene in the K562 
control cells transcribing the y-globin genes compared to 
non-erythroid 293T cells, indicating close proximity be- 
tween these fragments (Supplementary Figure S2). In par- 
ticular, the ligation of the G y-globin gene fragment with 
3'HSl fragment was remarkable. However a high level of 
ligation was not observed with a fragment containing 
the A y-globin gene. This result is not due to the transcrip- 
tional inactivation of the A y-globin gene, because the 
second intron regions of the G y and A y-globin gene, 
where nucleotide sequences are distinctive between the 
y-globin genes, were amplified at a similar level by RT- 
PCR (Supplementary Figure S3). Interestingly, a frag- 
ment containing the transcriptionally inactive (3-globin 
gene showed some ligation with most HSs fragments 
(Supplementary Figure S2A-C). A fragment containing 
HS3 was ligated at a very low level with the G y-globin 
gene or 3'HSl fragments compared to other LCR HSs 
fragments (Supplementary Figure S2B and E). These 
results from 3C assay indicate that the transcriptionally 
active G y-globin gene is frequently in close proximity with 
LCR HSs and 3'HSl in K562 cells. In addition, the 
(3-globin gene which is not transcribed appears to achieve 
some proximity with LCR HSs albeit at a lower frequency. 

Proximity between the globin genes and LCR HSs was 
generally reduced by GATA-1 and p45/NF-E2 knock- 
down in K562 cells. When a fragment containing the 



G y-globin gene was used as anchor in 3C assay, relative 
cross-linking frequency with HSs was reduced by the 
knockdowns (Figure 5F). The cross-linking frequency 
of the (3-globin gene with HSs was also decreased 
(Figure 5B-D). In addition, cross-linking between 3'HSl 
and LCR HS2 or HS1 was affected in the knockdown 
cells (Figure 5C-E). Interestingly, cross-linking between 
HS5 and 3'HSl was reduced by GATA-1 knockdown, 
but not by p45/NF-E2 knockdown that does not 
affect GATA-1 expression and its binding at LCR HSs 
(Figure 5B). These results are accompanied by reduced 
CTCF binding in HS5 and 3'HSl insulator sequences 
(Figure 5G). The requirement of CTCF binding for loop 
formation was already demonstrated in the (3-globin locus 
(27,28). Thus these results indicate that GATA-1 appears 
to influence chromatin looping between HS5 and 3'HSl, 
even though the relationship between GATA-1 and CTCF 
is not clear. NF-E2 appears to be required for active 
chromatin hub formation by juxtaposing LCR HSs and 
the G y-globin gene with HS5 and 3'HSl in the human 
(3-globin locus. 

p45/NF-E2 restoration did not restore its binding at the 
LCR HSs in the absence of GATA-1 

GATA-1 knockdown reduced the expression of p45/ 
NF-E2 and its binding at the LCR HSs, generating a 
phenotype lacking both proteins (Figure 1). This condi- 
tion did not allow us to explain the roles of GATA-1 in- 
dependent from NF-E2. We generated a new condition 
where GATA-1 is reduced but p45/NF-E2 is present at 
normal level by ectopic expression using lenti viruses. 
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Figure 5. Relative proximity between HSs and the y-globin gene in the |3-globin locus in the GATA-1 or p45/NF-E2 knockdown cells. The 3C assay 
was performed with Hindlll restriction enzyme. (A) Hindlll sites and PCR primers in the P-globin locus were represented by vertical bars and 
horizontal arrows, respectively. The black shading represents the anchor fragment for HS5 (B). 3'HSl (C). HS2 (D). HS1 (E) and G y-globin gene 
(F) in PCR. The gray shadings are fragments generated by Hindlll digestion. Relative cross-linking frequency was determined by quantitatively 
comparing ligated DNA in cross-linked chromatin with control DNA and then normalizing to the cross-linking frequency at the ERCC gene. The 
results are averages of four to six independent experiments ± SEM. (G) ChIP was performed using CTCF antibody described in Figure 1. 
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The amount of p45/NF-E2 was restored in the GATA-1 
knockdown cells as shown by western blot analysis 
(Figure 6A). However the binding of NF-E2 was not 
restored at the LCR HSs in the absence of GATA-1, 



which is a similar condition with the GATA-1 knockdown 
cells. Here transcription of the y-globin genes was reduced 
and RNA polymerase was less detected in the y-globin 
genes, as expected (Figure 6B). Active histone modifications 



Con+ 
NF+ 


> 7.o 

% 6.0 
§ 5.0 

GATA-1 ■- 40 

g> 3.0 








NF-E2 | 20 

0> 1.0 


rr 

p-tubulin 0 0 



GATA-1 ChIP 



NF-E2 ChIP 



□ Con+ 
■ NF+ 



□ Con+ 
■ NF+ 



B 



> 0 - 3 

'</) 
C 

£ 0.2 
C 

<D 

■2 0.1 

TO 
<D 



RT 



□ Con+ 
■ NF+ 



Pol II ChIP 





7.0 r 


tf) 


6.0 ■ 


c 


5.0 ■ 


a> 


■4-1 




c 


4.0 ■ 


ve 


3.0 ■ 


lati 


2.0 ■ 




1.0 ■ 






0.0 - 





□ Con+ 




X 




■ NF+ 
















In .rm 


ft 





HS4 HS2 



Y ex2 y ex3 



Y pro y st y ex 2 Y ex 3 



H3K27ac ChIP 



> 14 

1 1-2 

S 1.0 

.E 0.8 

9* 0.6 

§ 0.4 

O 0.2 



60 

□ Con+ -r DCon+ 



H3K27me2 ChIP 




HS5 HS4 HS3 HS2 HS1 



Y pro y st y ex2 Y ex3 



HS5 HS4 HS3 HS2 HS1 



Y pro y st y ex 2 Y ex 3 



> 



Brg1 ChIP 



o 
c 

3 

cr 



a) 



■ 150U D300U O600U 


J 




x ? 


















4 








. rfTI _r-n . 1 


mi 


.iTI --n._Mn 1 






Corn 


h| NF+ 
1S5 


Con- 


k| NF+ 
HS4 


Con+| NF+ 
HS3 


Con+| NF+ 
HS2 


Con 

\ 


f| NF+ 
HS1 


Con+| NF+ 

Y st 


Con+| NF+ 
3'HS1 


Con+| NF+ 
Actin 



0.05 

o 



I 



□Con+ 
[■NF+ 

tot 



HS4 HS2 HS1 Actin 



LCR 



yS'HSI 




CTCF ChIP 



£ 6.0 
0) 



CO 2.0 



(1) 



□Con+ 
■ NF+ 










1 . 


Jr 





HS5 



3"HS1 Actin 



Figure 6. Chromatin structure in the GATA-1 knockdown cells with restoration of p45/NF-E2 protein. (A) Western blotting was performed using 
antibodies specific to GATA-1 or p45/NF-E2 in protein extract from K562 cells where co-transduction of control shRNA and control expression 
vector (Con + ) or co-transduction of GATA-1 shRNA and p45/NF-E2 cDNA expression vector (NF +) was performed. ChIP was performed with 
GATA-1 or p45/NF-E2 antibodies in Con + and NF + cells and analyzed as described in Figure 1. (B) RT-PCR and ChIP using antibody specific 
RNA polymerase II were performed in Con + and NF + cells and analyzed as described in Figure 2. (C) ChIP was performed with antibodies specific 
to H3K27ac and H3K27me2 in Con + and NF + cells and analyzed as described in Figure 2. (D) DNase I sensitivity was measured in Con + and NF + 
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frequency was determined as described in Figure 5. ChIP was performed with CTCF antibody and analyzed as described in Figure 1. 
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including H3K27ac were decreased in the LCR HSs and 
the y-globin genes and H3K27me2 was increased in these 
regions (Figure 6C) (data not shown). DNase I sensitivity 
was not restored in the LCR HSs by the restoration of 
p45/NF-E2 expression, which was in agreement with 
reduced Brgl binding (Figure 6D). In addition, 3C and 
CTCF ChIP experiments showed decreased ligation fre- 
quency between the G y-globin gene and HSs fragments 
and the reduction of CTCF binding in HS5 and 3'HSl, 
respectively (Figure 6E). Therefore NF-E2 itself does not 
appear to be able to bind to the LCR HSs without 
GATA-1. The roles of GATA-1 in the y-globin genes tran- 
scription may include the mediation of NF-E2 binding at 
LCR HSs. 



DISCUSSION 

Our study shows that erythroid specific activators 
GATA-1 and NF-E2 are required for the expression of 
the human fetal y-globin gene using human K562 eryth- 
roid cell line (Figure 7). GATA-1 plays a role in establish- 
ing a high level of histone acetylation by probably 
recruiting CBP, while NF-E2 is required for HS formation 
by probably contributing to Brgl recruitment. Chromatin 
looping between LCR HS5 and 3'HSl requires GATA-1, 
but the gathering of G y-globin gene and other LCR HSs to 
the HS5 and 3'HSl is dependent on NF-E2. These results 
indicate that GATA- 1 and NF-E2 have distinctive roles in 
the fetal y-globin gene transcription. 

Distinctive roles of GATA-1 and NF-E2 in histone 
modifications and HSs formation in the human fetal 
P-globin locus 

GATA-1 and p45/NF-E2 knockdown in K562 cells gener- 
ate complex situations in their phenotypes. By GATA-1 
knockdown, the amount of p45/NF-E2 is also decreased 
because this gene is a target of GATA-1 (25,29) and 



NF-E2 binding is reduced at the P-globin LCR HSs, 
even though the NF-E2 binding is not restored with 
normal level of p45/NF-E2 by ectopic expression. 
However, GATA-1 is not affected by p45/NF-E2 knock- 
down. Thus, results by GATA-1 knockdown include direct 
and indirect effects, while results by p45/NF-E2 knock- 
down show its more direct roles. The changes caused by 
p45/NF-E2 knockdown are more directly dependent on 
NF-E2, because GATA-1 binding is maintained at 
LCR HS2 and the y-globin promoter. The results from 
these situations complement our previous study which 
explains the role of GATA-1 independent from NF-E2 
binding at the HS2 enhancer (14). 

Our study indicates that GATA-1 has a role in histone 
acetylation by recruiting CBP into the LCR HSs and 
y-globin promoter in the fetal stage P-globin locus. To 
play this role GATA-1 does not appear to require 
NF-E2. This result is comparable to reduced histone 
acetylation and CBP binding in minichromosomal loci in 
K562 cells where GATA-1 association at the HS2 is in- 
hibited by its binding site mutation but NF-E2 associates 
at normal level (14). Physical interaction between 
GATA-1 and CBP supports this GATA-1 -dependent 
histone acetylation (30). However the acetylation levels 
and association levels of GATA-1 and CBP across the 
LCR HSs are not perfectly matched, suggesting also 
indirect control by GATA-1 on histone acetylation. 
GATA-1 -dependent histone acetylation and CBP recruit- 
ment were reported in mouse erythroleukemia MEL 
cells expressing the adult P major globin gene (26,31). 
In addition, other modifications such as H3K4me2, 
H3K4me3 and H3K27me2 are also dependent on 
GATA-1 rather than NF-E2, even though we do not 
have results showing the association of the enzyme respon- 
sible for each modification. NF-E2 does not appear to 
be essential for the various histone modifications on the 
fetal stage P-globin locus in K562 cells, although several 
studies on the mouse P-globin locus report histone 
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Figure 7. Summary of the changes by GATA-1 or p45/NF-E2 knockdown in the human fetal P-globin locus in K562 cells. The results presented in 
Figures 1-6 were combined and represented in model of the human P-globin locus. 
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acetylation and the recruitment of histone methyltrans- 
ferase MLL and G9a in a NF-E2-dependent manner 
(11,13,32,33). The GATA-1 -dependent histone modifica- 
tion patterns in the human (3-globin locus may be related 
with the GATA-1 -dependent loop formation between HS5 
and 3'HSl (see below). 

NF-E2 appears to play a more direct role in HSs for- 
mation on the fetal stage (3-globin locus, even thought 
GATA-1 is required for the NF-E2 binding (Figure 6A). 
GATA-1 binding itself is not enough for the HS forma- 
tion. The binding pattern of Brgl also supports the NF-E2 
dependence of HSs formation in the LCR HSs. This is 
consistent with our previous findings obtained from the 
manipulable minichromosomal locus; failure of HS2 for- 
mation by the mutation of NF-E2 binding sites, but 
normal formation of HS2 after mutation of GATA-1 
biding site (14,15). GATA-1 -independent Brgl association 
and hypersensitivity to restriction enzymes are observed at 
the mouse LCR HS4 and HS2 in MEL cells (31). Thus 
NF-E2 is believed to contribute more directly to HS for- 
mation in the human fetal (3-globin locus, which might 
mediate the recruitment of Brgl to LCR HSs, even 
though there is no evidence that NF-E2 interacts with 
Brgl directly. 

Distinctive roles of GATA-1 and NF-E2 in chromatin loop 
formation in the fetal p-globin locus 

The transcriptionally active G y-globin is in close proximity 
with LCR and 3'HSl insulators in K562 cells as revealed 
by our 3C analysis (Figure 5). However, HS3 among the 
LCR HSs is not substantially juxtaposed with the 
G y-globin gene or 3'HSl as revealed by comparison with 
3C results in non-erythroid 29 3T cells (Supplementary 
Figure S2). It suggests that HS3 is not necessary for the 
transcription of the y-globin genes, even if K562 cells may 
not always reflect mechanism in primary erythroid cells. 
The deletion of HS3 core sequences does not affect the 
formation of other HSs in the LCR, the histone acetyl- 
ation pattern of the (3-globin locus or the expression of 
y-globin gene in transgenic mice embryonic yolk sac 
(16,34). HS3 region is not a strong HS in K562 cells as 
shown Figure 4. In contrast, HS3 play a critical role in the 
transcription of the adult (3-globin gene (35,36). 

Chromatin loop formation of the human fetal P-globin 
locus is changed by GATA-1 and p45/NF-E2 knockdown 
(Figure 7). The close proximity between the P major 
globin gene and HS2 in the mouse locus requires 
GATA-1 and FOG-1 (37), and NLI/Ldbl, which forms 
complex with GATA-1, is also involved in the long-range 
loop formation (38). In the human fetal P-globin locus, 
GATA-1 is believed to plays a role in loop formation 
between two insulator regions, HS5 and 3'HSl. However 
GATA-1 binding at HS2 is not enough to form loop 
between the G y-globin gene and other LCR HSs and 
NF-E2 is required. NF-E2 binding appears to correlate 
with loop formation in the mouse P-globin locus, 
because its binding level increases to 1.5 times at HS2 
after GATA-1 restoration in GATA-1 deficient mouse 
G1E cells (7) and to 2.5 times after induction in 1/11 
mouse erythroid cells (39). Even though p45/NF-E2 is 



dispensable for the interaction between the P major 
globin gene and LCR HSs in knockout mice, this can 
be a result of compensation by other proteins such as 
Nrf-2 (39). 

Correlation between gene transcription, HSs formation, 
histone modification and chromatin looping 

Gene transcription appears to relate with the looping. In 
the human and mouse P-globin loci, transcriptional inhib- 
ition by insertion of insulator sequences or absence of 
transcriptional activators/co-activators accompanies the 
loss of loop between LCR HSs (HS1-HS4) and the gene 
(27,38-41). Our study in here shows similar results. 
However it is not clear whether a high frequency of 
contact between the LCR and globin gene is necessary 
for the gene transcription, because the y-globin gene is 
transcribed at a similar level to the G y-globin gene without 
frequent LCR interaction and one of the completely re- 
pressed genes in this locus, P-globin gene is in relatively 
frequent contact with most HSs (HS5, HS4, HS2, 3'HSl). 
A study on the mouse globin locus shows that proximity 
between HS2 and P major globin gene is coincidently 
increased with an increase of pol II in the gene promoter 
and intron, implying correlation of loop formation with 
the onset of the gene transcription (41). However, prox- 
imity between LCR HSs and the P-globin gene is almost 
maintained when the gene is not transcribed by the 
promoter deletion and when ongoing transcription is in- 
hibited by DRB or oc-amanitin, suggesting that loop for- 
mation is not an indicator of transcription and not a result 
of it (2,42). 

Chromatin loop formation might relate with HS forma- 
tion and histone modification. In our study, the decrease 
of hypersensitivity at LCR HSs and gene promoter 
accompanies reduced proximity between the LCR HSs 
and the y-globin gene in the human P-globin locus. The 
HS formation might be required for the association of 
various proteins mediating chromatin loop formation. 
Histone modification also appears to relate with the chro- 
matin loop. Locus wide histone modification patterns 
observed in this study except for H3K27me3 correlate 
with looping between two insulator regions, HS5 and 
3'HSl, not with interaction between the LCR HSs and 
G y-globin gene. Loss of looping between HS5 and 3'HSl 
accompany a decrease of active histone marks and an 
increase of inactive histone marks in the LCR and globin 
genes. Possibly, this is due to the loss of active chromatin 
status by the failure of insulation. On the other hand, 
H3K27me3 appears to be involved with the active chro- 
matin hub formation of the G y-globin gene with LCR HSs 
and 3'HSl, because its level is increased when the active 
hub is disrupted by GATA-1 or p45/NF-E2 knockdown. 
The locus wide depletion of H3K27me3 and EZH2 leads 
the change of chromatin loop in the GATA-4 locus (43). 
However, it is still not clear whether histone modifica- 
tion affects chromatin loop formation or the reverse. 
The knockdown of histone modifying enzymes such as 
HDAC4 and LSD1 has been reported to disrupt chroma- 
tin looping between distal regulator regions and promoter/ 
transcription start site (44,45). Thus it might be 
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worthwhile to clarify the correlation between various 
histone modifications and chromatin loop formation. 
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